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MECHANICAL TOLERANCE METHOD 

BACKGROUND OF THE INVENTION 

Technical Field of the Invention 
[0001] This invention relates to tolerance analysis, and more 
particularly, to a method of optimizing mechanical tolerances for 
designing and manufacturing components. 

Description of Related Art 
[0002] During initial production of products, many companies have 
quite a few quality and documentation problems. Many of the initial 
production problems fall into one of three categories: manufacturing, 
assembly fit, and design documentation. Manufacturing problems are 
particularly evident in the form of high scrap rates. To reduce these 
scrap rates, manufacturers often have to rework parts, add fixtures to 
current manufacturing processes, utilize different ( and usually more 
expensive) processes, inspect more parts, and, of course, increase quality 
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control testing of the products. Obviously, these measures can be quite 
expensive. 

[0003] In regards to assembly fit problems, manufacturers 
oftentimes work around these problems by mixing and matching parts, 
modifying parts within the assembly area, sending the parts to another 
department or vendor for modification, or merely discarding the 
defective parts. However, the only permanent solution to assembly fit 
problems is to change the design and/or its manufacturing processes. 
Typically, scrapping an entire design and starting from scratch is cost 
prohibitive, and thus not normally done. Instead, design changes are 
made that minimize the impact on the costs. Normally, modification of 
designs are minimized, which usually means that the optimal solution is 
not used. Design fixes may include designing additional parts, adding 
adjustments to the design, adding or changing assembly processes, 
maintaining unique parts and tightening tolerances. However, these 
actions drastically increase recurring manufacturing costs and require the 
focus of design teams to be on ongoing production rather than 
developing new products. 

[0004] Correcting these assembly and manufacturing deficiencies 
requires many documentation changes, which typically includes writing 
engineering changes to product drawings (e.g., changing dimensioning 
schemes, nominal dimensions, tolerances, variation controls, purchased 
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parts, etc.), tooling drawings, and manufacturing process documents. 
Additionally, many changes are required to correct inappropriately 
applied variation controls that violate a dimensioning standard or do not 
control a feature as intended. 

[0005J The cost for implementing fixes to these problems is both 
staggering and not completely effective. In addition, companies risk 
exposure to warranty and legal costs from mass-producing defective 
products. A methodology is needed that links mechanical assembly 
tolerancing requirements to part variation controls in order to improve 
the mechanical tolerancing process. 

[0006] Thus, it would be a distinct advantage to have a system and 
method which provides a link between mechanical assembly tolerancing 
requirements and part variation controls. It is an object of the present 
invention to provide such a system and method. 



SUMMARY OF THE INVENTION 

[0007] In one aspect, the present invention is a method of 
optimizing tolerances for a design and assembly of a plurality of 
components. The method begins by defining an assembly requirement. 
Next, datum features are defined and component dimensions are 
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assigned. A dimensional loop diagram is then created for each 
component. An appropriate analysis/allocation method for determining 
tolerances of the plurality of components is then selected. Variation 
controls to features of the plurality of components are applied and 
tolerances to features of the plurality of components are assigned. 
[0008] In another aspect, the present invention is a method of 
applying variation controls for a feature of a component in an assembly 
of a plurality of components through a decision matrix. A user may input 
a feature type, a controlled element of the feature, a tolerance zone shape 
and a relationship of a tolerance zone to a datum reference frame into a 
matrix. By following the decision matrix, a variation control is selected 
and applied. 

[0009] In still another aspect, the present invention is a system for 
automatically applying variation controls of a feature of a component in 
an assembly of a plurality of components. The system includes a 
computer for calculating and determining variation controls of the 
feature, a user interface for a user to input data relevant for determining 
variation controls of the feature and a memory for storing information 
applicable for applying variation controls. The user inputs all relevant 
data of the feature through the user interface to the computer. The 
computer then calculates an appropriate variation control associated with 
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the feature and applying the calculated variation control in an appropriate 
location determined by the computer. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0010] The invention will be better understood and its numerous 
objects and advantages will become more apparent to those skilled in the 
art by reference to the following drawings, in conjunction with the 
accompanying specification, in which: 

[0011] FIG. 1 is a simplified block diagram of the components of 
a design system in the preferred embodiment of the present invention; 
[0012] FIG. 2 is a side view of a plurality of components of a 
product; 

[0013] FIGs. 3A-G are flow charts outlining the steps for 

determining mechanical tolerances on a plurality of components design 

according to the teachings of the present invention; 

[001 4] FIGs. 4 A-B are flow charts illustrating the steps of defining 

feature material condition modifiers utilized in determining variation 

controls according to the teachings of the present invention; 

[0015] FIG. 5 is a flow chart illustrating the steps of calculating 

LMC/MMC variation for controlled features; 
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[0016] FIGs. 6A-C are flow charts illustrating the steps for 

calculating LMC/MMC variation of datum features; 

[0017] FIG. 7 is a flow chart illustrating the steps for assigning 

> 

tolerances to components and calculate dpos according to the teachings 
of the present invention; and 

[0018] FIG. 8 is a chart for determining variation controls in the 
preferred embodiment of the present invention. 

DETAILED DESCRIPTION OF EMBODIMENTS 

[0019] FIG. 1 is a simplified block diagram of the components of 
a design system 1 0 in the preferred embodiment of the present invention. 
The system includes a design engineer 12 providing inputs into a 
computing system 14. The computing system may include a standard 
computer terminal 16, a computer 18, a database 20 and a memory 22. 
[0020] FIG. 2 is a side view of a plurality of components of a 
product 30. In a very simplified view for illustrative purposes only, a 
product may have blocks 34, 36, 38 fitting within an opening 40. The 
block 34 may have a width A, the block 36 having a width B, the block 
38 having a width C, and the opening 40 having a width D. A gap 42 is 
the assembly requirement. 
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[0021] FIGs. 3A-G are flow charts outlining the steps for 
determining mechanical tolerances on a plurality of components design 
according to the teachings of the present invention. The method begins 
with step 100 where an assembly requirement is defined by the design 
engineer 12. The assembly requirement may include one of a plurality 
of assembly requirements necessary to manufacture a product without 
any defects. For example, referring to FIG. 2, the assembly requirement 
may be that the width of the gap must be greater than a specified 
distance. Typically, the assembly requirement is within a specified 
range. 

[0022] Next, in step 102, datum features are defined for the 
components. An origin on the components is established for measuring 
dimensions of the components. The method then moves to step 104, 
where dimensions of the components are defined. The dimensions are 
the nominal or ideal dimensions of the components necessary to build an 
ideal product. 

[0023] The dimensional loop diagram establishes the relationship 
between the components and the assembly requirements. To create a 
dimensional loop diagram, in step 108, it is determined whether the 
components are one dimensional (i.e., all components in the same axis). 
If it is determined that the components are a one-dimensional loop 
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diagram, the method moves to step 110 where loop diagrams in the 
horizontal and/or vertical axes are determined. 

[0024] Still referring to step 110, for the horizontal loop diagram, 
the loop diagram is originated at the feature, on the left-hand side of the 
assembly requirement (e.g., gap). Using vectors, a closed loop is created 
from the left side of the start point to the right side. Next, a name is 
assigned to each vector. Each vector is identified with a positive or 
negative sign (i.e., positive vectors pointing to the right and negative 
vectors pointing to the left). A component name and nominal value is 
assigned to each dimension in the loop. 

[0025] Again, still referring to step 110, for the vertical loop 
diagram, the loop diagram is begun at the feature on the bottom of the 
assembly gap (e.g., gap). Using vectors, a closed loop is created from the 
bottom of the gap to the top. Each vector is assigned a name and 
identified as positive or negative (i.e., positive vectors pointing up and 
negative vectors pointing down). A component name and nominal value 
to each dimension in the loop is assigned. Once the horizontal or vertical 
axes analysis has been conducted, assembly requirement equations are 
generated in step 112. 

[0026] If it is determined in step 108 that the loop diagram is multi- 
dimensional, the method moves to step 114. To determine the gap 
equation in multi-dimensions, first a gap coordinate system is established 
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with an origin at one side of the assembly requirement (e.g., gap). Next, 
a vector loop diagram is drawn starting at the origin point of the 
assembly requirement coordinate system. A name is assigned to each 
vector in the loop. A coordinate system is established for each vector. 
In addition, a component name and nominal values for each vector in the 
loop is assigned. Vectors in terms of a vector coordinate system are 
defined. Relationships between vector coordinate systems and assembly 
requirement coordinate system are defined. All the vectors are then 
converted into an assembly requirement coordinate system. Next, in step 
1 12, a gap equation is generated. 

[0027] At step 112, the loop diagrams provide nominal values 
without any tolerance range. Next, the method moves from step 1 12 to 
step 116, where sensitivities are calculated. Sensitivities are an indication 
of how much each vector influences the assembly requirement. 
[0028] Next, the method moves to step 120 where an 
analysis/allocation method is selected. In existing tolerance analysis, a 
design engineer merely picks an analysis or allocation method. The 
present invention provides a framework for picking the best method 
depending on the information available. In step 120, it is determined if 
data on the manufacturing process for each component is available. If it 
is determined that process data is available, the method moves to step 
122 where it is determined if the cost of assembly defects is high as 
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compared to parts defects. If the cost of assembly defects is high, the 
method moves from step 122 to step 124 where a worst case (WC) 
allocation method is utilized. Next, in step 126, variation controls are 
applied. 

[0029] However, in step 122 if it is determined that the cost of 
assembly defects is low compared to parts defects, the method moves to 
step 128 where it is determined if all data is short term and a 1 .5 sigma 
(standard deviation) shift is appropriate to convert the short term data 
into a long term projection. If it is determined that a 1 .5 sigma shift is 
appropriate, the method moves to step 130 where a static root sum of the 
squares (SRSS) allocation methodology is selected. The method then 
moves to step 126 where variation controls are applied. 
[0030] However, in step 1 28, if it is determined that short term data 
is not available or a 1 .5 sigma shift is not appropriate, the method moves 
to step 132 where it is determined whether the cost driver is parts or 
assembly costs. If it is determined that parts is the cost driver, the 
method moves to step 134 where statistical allocation is chosen. Next, 
the method moves to step 126 where variation controls are applied. 
[0031] In step 132, if it is determined that assembly costs are the 
cost driver, the method moves to step 136 where root sum of the squares 
(RSS) allocation is selected. Next, the method moves to step 126 where 
variation controls are applied. 

-10- 
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[0032] However, in step 120, if it is determined that process data 
is not available, the method moves from step 120 to step 138 where it is 
determined if there are four or more components being analyzed. If it is 
determined that four or more components are to be analyzed, the method 
moves to step 140 where it is determined if the cost of assembly defects 
is high or low. If it is determined that cost of assembly defects is high, 
a WC analysis is selected in step 142. Next, in step 126, variation 
controls are applied. 

[0033] However, if it is determined that cost of assembly defects is 
low, the method moves from step 140 to step 144 where it is determined 
if the processes are understood. If the design engineer has a good 
understanding of the process, the method moves to step 146, where RSS 
analysis is implemented. Typically, processes are considered well 
understood if they are produced by a vendor or shop that has successfully 
met the component requirements in the past. Next, in step 126, the 
variation controls are applied. 

[0034] If it is determined that the manufacturing processes are not 
well understood, the method moves from step 144 to step 148 where 
modified root sum of the squares (MRSS) is selected. The method then 
moves to step 126 where variation controls are applied. 
[0035] However, in step 138, it is determined if there are not four 
or more components being analyzed. If it is determined that there are 
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less than four components, the method then moves to step 1 42 where WC 
analysis is implemented. Next, in step 126, the variation controls are 
applied. 

[0036] In the preferred embodiment of the present invention, the 
variation controls are applied through reference to the database which 
provides a plurality of queries to automatically obtain the appropriate 
variation controls. The design engineer may input the appropriate 
answers to the questions to automatically obtain the appropriate variation 
controls. In addition, this is done without iteration that frequently occurs 
with existing methods. Specifically, existing methods require the manual 
selection and application of variation controls and a check by another 
individual or, in a limited sense, a syntax check of the variation controls 
by a software program. In an alternate embodiment of the present 
invention, the application of variation controls may be done manually by 
answering the plurality of queries. 

[0037] FIG. 8 is a chart for determining variation controls in the 
preferred embodiment of the present invention. First, a feature type is 
selected. As defined on the chart, the feature types may include, but are 
not limited to the following: axis, center plane, conical, cylindrical, 
planar, point, radial, revolute, spherical, surfaces, width, and user 
defined. Next, a controlled element of the feature is selected, such as 
independent line elements of surface, single surface, etc. as depicted in 

-12- 



PATENT APPLICATION 
DOCKET NO. L7089-000 1 

the second column of the chart. Next, tolerance zone shape is selected, 
such as two parallel lines, two parallel planes, etc. (see chart). The 
relation of the tolerance zone to the datum references frame (DRF), such 
as none, oriented, etc., is determined. After selecting the appropriate 
variables, the computer selects the appropriate variation control and 
applies it accordingly. The illustrated columns may be stored in the 
database. Through queries provided by the computer, the computing 
system may automatically provide the application of the appropriate 
variation controls. 

[0038] Once the variation control is applied, the method moves 
from step 126 to step 150 where it is determined if the controlled/datum 
feature should be treated as a size feature. If it is determined that the 
controlled/datum feature is not a size feature, the method moves from 
step 150 to step 152 where it is determined if variation controls need to 
be applied to any more features in the stack-up for the selected 
component. If it is determined that more variation controls need to be 
applied to more features, the method moves from step 152 to step 126 
where the process of applying the variation control is implemented. 
However, if in step 1 52 it is determined that no more features require an 
application of variation controls, the method moves to step 154 where it 
is determined if the methodology is an allocation or an analysis. 
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[0039] However, if it is determined that the controlled/datum 
feature should be treated as a size feature in step 150, the method moves 
to step 302 in FIG. 4 where feature material condition modifiers are 
defined. FIGs. 4A-B are flow charts illustrating the steps of defining 
feature material condition modifiers utilized in determining variation 
controls in step 126 of FIG. 3. To define the feature material condition 
modifiers, the method begins with step 302 where it is determined if the 
feature requires a "boundary of air" (e.g., a clearance fit). If it is 
determined that there is no boundary of air required, the method moves 
to step 304 where it is determined if the feature requires a "boundary of 
material" (e.g., to protect a minimum wall thickness). In step 304, if it 
is determined that the feature does not require a boundary of material, the 
method moves to step 306 where the user defines a modifier, typically 
maximum material condition (MMC)/least material condition (LMC) or 
regardless of feature size (RFS). If MMC/LMC is selected, in step 306, 
the method moves to step 312. However, in step 306, if RFS is chosen, 
the method moves to step 320. 

[0040] However, in step 302, if it is determined that the feature 
requires a boundary of air, the method moves to step 308 where a 
geometric control is applied at MMC. Next, the method moves to step 
312. 

-14- 
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[0041] Likewise, in step 304, if it is determined that the feature 
requires a boundary of material, the method moves to step 310 where a 
geometric control is applied at LMC. The method then moves to step 
312. 

[0042] At step 312, it is determined if the methodology is an 
analysis or an allocation. The determination if the methodology is an 
analysis or allocation may be referred back to step 120 where either an 
analysis or allocation method was selected. If process data is available, 
the user selects an allocation. If process data is not available, the 
methodology is an analysis. If, in step 312, it is determined that the 
methodology is an analysis, the method moves to step 314 where it is 
determined if it is a controlled feature or a datum feature. If it is 
determined that it is a controlled feature, the method moves to step 400 
in FIG. 5 where LMC and MMC variation for the controlled features are 
calculated. However, in step 3 14, if it is determined that it is a datum 
feature, the method moves from step 314 to step 500 in FIG. 6 where 
LMC and MMC variation of the datum features are calculated. 
[0043] However, in step 312, if it is determined that the 
methodology is an allocation, the method moves to step 316 where it is 
determined if it is a statistical or worst case allocation. Again, this has 
been determined in step 120. Statistical, RSS, and SRSS are all 
statistical allocations. WC is a worst case allocation. If it is determined 

-15- 
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that the methodology is a statistical allocation, the method moves back 
to step 320 (FIG. 4) to determine if any more material condition 
modifiers need to be defined. 

[0044] However, if it is determined in step 3 1 6 that the allocation 
is a worst case allocation, the method moves to step 3 14 where it is again 
determined if it is a controlled feature or a datum feature. 
[0045] FIG. 5 is a flow chart illustrating the steps of calculating 
LMC/MMC variation for controlled features. Beginning with step 400 
where it is determined if the size of the controlled feature is one of the 
components of the loop equation determined earlier. If, in step 400, it is 
determined that size of the controlled feature is one of the components 
of the loop equation, the method moves to step 402 where it is 
determined if the feature is external or internal and whether the feature 
is at MMC or LMC. If it is determined that the feature is external and at 
MMC or internal and at LMC, the method moves to step 404 where the 
feature's mean is decreased by: [(PlusToli+MinusTolj)^). The method 
then moves to step 406 where the feature's tolerance is adjusted by: 
[(PlusToli+MinusToli)^). PlusTol t and MinusTolj are the tolerances of 
the feature associated with the material condition modifier. Next, in step 
320 (FIG. 4), it is determined if more material condition modifiers need 
to be defined for this feature control frame (FCF). From step 320, if it 
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is determined that more material condition modifiers need to be defined, 
the method moves back to step 302. 

[0046] However, in step 320, if it is determined that no more 
material condition modifiers require defining, the method moves back to 
step 152 (FIG. 3) where it is determined if more variation controls need 
to be applied to more features in the stack-up. 

[0047] Referring back to step 402 of FIG. 5, if it is determined that 
the feature is external and at LMC or internal and at MMC, the method 
moves from step 402 to step 408 where the feature's mean is increased 
by: [(PlusToli+MinusTolj)^). PlusTolj and MinusTol, are the tolerances 
of the feature associated with the material condition modifier. The 
method then moves to step 406 where the feature's tolerance is adjusted. 
This is the size feature associated with the material condition modifier. 
[0048] If, in step 400, it is determined that the size of the controlled 
feature is not a component in the loop equation, the method moves to 
step 410 where the feature is shifted by: 
|a, |[0+/- (PlusTol, + MinusTol^] 

PlusTol { and MinusTo^ are the tolerances of the size features associated 
with the material condition modifier, a, is the sensitivity of the 
axis/center plane/center point of the controlled feature. Next, moving 
from step 410 to step 320, it is determined if more material condition 
modifiers for this FCF require defining. 

-17- 
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[0049] FIGs. 6A-C are flow charts illustrating the steps for 
calculating LMC/MMC variation of datum features. Referring back to 
FIG. 4, in step 314, if it is determined that the feature is a datum feature, 
the method moves to step 500 where it is determined if the datum is in 
the loop diagram created earlier in the methodology. If the datum is not 
in the loop diagram, the method moves to step 320 where it is determined 
if additional material condition modifiers must be defined for this FCF. 
[0050] However, in step 500, if it is determined that the datum is 
in the loop diagram, the method moves to step 502 where it is determined 
how many components are referenced to the datum (same order of 
precedence and same material condition modifiers). If it is determined 
that only one component is referenced, the method moves from step 502 
to step 504 where it is determined if the size of the datum feature is one 
of the components in the loop equation. In step 504, if size is one of the 
components, the method then moves to step 506 where it is determined 
if the datum is primary, secondary or tertiary. If the datum is secondary 
or tertiary, the method moves to step 508 where VC/AME shift is 
determined: 

[ap +/- GeoTol, 12) 
Next, from step 508, the method then moves to step 510 where it is 
determined if the datum feature is external or internal and at MMC or at 
LMC. 

-18- 



PATENT APPLICATION 
DOCKET NO. L7089-0001 

[0051] Referring back to step 506, if the datum is primary, the 
method moves to step 512 where it is determined if the datum is 
controlled with axis straightness, center plane straightness, or center 
plane flatness. If the datum is controlled with axis straightness, center 
plane straightness, or center plane flatness, the method then moves to 
step 508 where VC/AME shift is determined. However, if the datum is 
not controlled with axis straightness, center plane straightness, or center 
plane flatness, the method moves to step 5 1 0. 

[0052J In step 510, if it is determined that the datum feature is 
external and at MMC or internal and at LMC, the method moves to step 
514 where the feature's mean (this is the size feature associated with the 
material condition modifier) is decreased by: 

[(PlusToli+MinusToy/2) 
Next, in step 516, the feature's tolerance is adjusted by: 

+/- (PlusTol^MinusTol;)^)] 
The method then moves from step 5 16 to step 320 where it is determined 
if more material condition modifiers must be defined. 
[0053] However, in step 5 1 0 it is determined that the datum feature 
is external and at LMC or internal and at MMC, the method moves to 
step 518 where the feature's mean (this is the size feature associated 
with the material condition modifier) is increased by: 

[(PlusToli+MinusTolO/2) 
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Next, the method moves to step 516 where the feature's tolerance is 
adjusted. 

[0054] Referring back to step 502, if it is determined that two 
components are referenced to the datum, the method moves from step 
502 to step 530 where it is determined if the components are referenced 
simultaneously or separately to the datum. If it is determined that the 
components are referenced simultaneously, the method then moves to 
step 320 (FIG. 4). 

[0055] However, in step 530, if it is determined that the 
components are referenced separately, the method moves to step 534 
where it is determined if the datum is primary, secondary, or tertiary. If 
the datum is secondary or tertiary, the method moves to step 540 where: 

Datum shift -^^-(PlusTolj + MinusTol^GeoTol, )/2] 
Next, in step 320 (FIG. 4), it is determined if more material condition 
modifiers must be defined. 

[0056] However, in step 534, if it is determined that the datum is 
primary, then the method moves to step 536 where it is determined if the 
datum is controlled with axis straightness, center plane straightness, or 
center plane flatness. If it is not determined that the datum is controlled 
with axis straightness, center plane straightness, or center plane flatness, 
the method moves to step 532 where the datum is shifted by: 

Datum shift = |a i |[0+A(PlusTol i +MinusTol 1 )/2] 

-20- 
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[0057] However, in step 536, if it is determined that the datum is 
controlled with axis straightness, center plane straightness, or center 
plane flatness, the method moves to step 540. Next, the method moves 
to step 320 (FIG. 4). In step 504, if it is determined that the size of the 
datum feature is not one of the components in the loop equation, the 
method moves from step 504 to step 534 where it is determined if the 
datum is primary, secondary, or tertiary. 

[0058] Referring back to step 152, the variation controls are applied 
to all the features. Once all of the variation controls are applied, the 
method moves to step 154 where it is determined whether this is an 
analysis or an allocation. This was determined earlier in the 
methodology (step 120). If it is determined that this is an analysis, the 
method moves from step 154 to step 180 where a requirement variation 
is calculated. To determine this variation, various calculations are made 
dependent upon the type of analysis conducted. For a WC analysis, the 
following formula is utilized: 



n 



/=1 m-\ 



For an RSS analysis, the following formula is utilized: 
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t 



rss 



n 



m=\ 



1/2 



For MRSS analysis, the following formula is utilized: 



t =c f 

mrss i 



n 



-i 1/2 



i=l 



Once the gap variation is calculated in step 180, the method moves to 
step 182 where it is determined if the assembly requirement in step 100 
has been met. If it is determined that the assembly requirement has been 
met, the method then moves to step 1 84 where variation controls and 
tolerances are applied to the features. 



[0059] 



However, if it is determined that the assembly requirements 



have not been met, the method moves from step 182 to step 186 where 
the mean/nominal value of the i th component (d { ) may be adjusted to meet 
the requirement. If the d { can be adjusted to meet the requirement, the 
method moves to step 184. 



[0060] 



However, if the dj cannot be adjusted to meet the 



requirement, the method moves to step 188 where the variable tolerances 
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may be resized. Utilizing RSS analysis, the formulas necessary to resize 
the variable tolerances are: 



F = 

rss 



1/2 



t = F t 

k, rss,resized rss k 



For WC analysis, the formulas necessary to resize the variable 



tolerances are: 



t = F t 

k,wc,resized wc k 



F " = 

wc 



r^assy Sm| ^jj^j^j 
j=l 

q 

Zl a k w kt] 

k=l 



For MRSS analysis, the following formulas may be used to resize the 
variable tolerances: 



Fmrss — 



-b+t-4b 2 -4ac 



2a 



t =F t 

u k,mrss,resized A mrss L k 
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k=l 
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k=l 
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[0060] 



The above discussed equations are only valid when material 



modifiers are not used. If material condition modifiers are utilized, an 
iterative process must be used to resize tolerances. After step 1 88, if the 
variable tolerances are resized, the method moves to step 1 80. However, 
if the variable tolerances cannot be resized, the method moves to step 
1 90 where it is determined if the assembly can be redesigned. 



[0061] 



In step 190, if it is determined that the assembly cannot be 



redesigned, the method moves to step 1 84 where variation controls and 
tolerances are applied to features. However, in step 190, if it is 
determined the assembly can be redesigned, the method moves back to 
step 100 where the assembly requirement is redefined. 



[0062] 



Referring back to step 154, if this is an allocation, the 



method moves to FIG. 7 (step 600) where defects per opportunity (dpo) 
goals are determined. FIG. 7 is a flow chart illustrating the steps for 
assigning tolerances to components and calculating dpos. In step 600, 
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dpo goals are determined. Next, in step 602, each component is 
designated as fixed or variable. In step 604, each variable component is 
assigned the process with the largest standard deviation, o { . Next, in step 
606, if the data is short term, it is converted to long term for WC, 
statistical and RSS. SRSS is not converted. In addition, there is a 
default of Wf=L29 and k^O. The following formula is utilized: 



Next, in step 608, the assembly requirement standard deviation is 
calculated. 

For WC, a Assy is not calculated. 

For statistical and RSS, the following formula is utilized: 



a 



i,LT - 



V 



1/2 




n 



For SRSS, the following formula is utilized: 



1/2 
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The method then moves to step 610 where the assembly dpo (dpo Assy ) is 
calculated. For WC, the dpo equals zero. For statistical and RSS, the 
following formulas are used: 



(uSL-^ ssy ) 2 -X(a jtj ) : 



z = - 



1/2 



a 



Assy,LT 



z L = 



-1 1/2 



Assy, LT 



The dpo Assy are determined from Z u and Z L . 
SRSS utilizes the following formulas: 



r 



f q 
USL-^ Assy -L5^|a k a k 

k=1 



7 =- 



V 



\ 2 



-il/2 



j=l 



a 



AssyjST 
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V P 



H A ssy -LSL -L5 J|a k a k | -^(a^J 



V 



1/2 



a 



Assy, ST 



\ 2 



nl/2 



M r / \ 



V 



J jM 



a 



Assy, ST 



\ 2 



US L "^Assy +1 - 5 SK^k| -E^jtj) 



V 



k=l 



1/2 



a 



Assy, ST 



The dpo Assy are determined from Z L Z L + and Zy ., Z u>+ 

Next, in step 612, tolerances are assigned to variable components. For 

WC, the following formula is used: 



t ( - min 



f p \ 

USL-g Assy -^|a J t J 



M 



LT 



( P A 



X K 0 k,LT 



V k=1 



a 



i,LT 
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For statistical allocation, the following is used: 

tj=4.5a j LX (1 sided spec) 
tj~4.65a iLT (2 sided spec) 

For RSS: 

ti=min(ZL, Z u )o i LT 
For SRSS: 

tj where dpo^dpo^ 

Next, in step 614, the dpo for each variable component is calculated. For 
WC: 

dpOj is determined from Z,. 
For statistical allocation: 

3.4E-6 

For RSS: 

Zj=min (Z L , Z u ) 
dpo, is determined from Z, 

-28- 



PATENT APPLICATION 
DOCKET NO. L7089-0001 



ForSRSS: 

dpo^dpo^ 

[0063] The method then goes from step 614 back to FIG. 3, step 
192 where it is determined if the dpo goals have been fulfilled. If the 
goals have been fulfilled, the method moves to step 1 84. However, if the 
dpo goals have not been met, the method moves to step 194 where it is 
determined whether d| can be adjusted to increase the assembly 
requirement. If d { can be adjusted, the method moves to step 1 00 where 
the assembly requirement is defined. However, in step 194, if it is 
determined that an adjustment of d, does not increase the assembly 
requirement, the method moves to step 196 where it is determined if new 
processes are available. If new processes are available, the method 
moves to step 1 98 where new processes are selected. Next, the method 
then moves to step 600. However, if new processes are not available, the 
method moves from step 196 to step 190 where it is determined if the 
product should be redesigned. 

[0064] The following is a glossary of terms and abbreviations 
referenced within the specification: 

1.5 sigma shift: a shift of the process mean that is equal to 1 V2 standard 

deviations for the process 
ai : sensitivity the ith component 
aj :sensitivity the jth, fixed component 
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ak : sensitivity the kth, variable component 
a m : sensitivity mth material modifier 

Allocation: Tolerance allocation starts with an expected variation at an 
assembly gap and derives tolerances to meet the expected gap 
variation 

AME: Actual mating envelope 

Analysis: Tolerance analysis starts with assigned tolerances and 

calculates the variation at the assembly gap 
Cf: correction factor used in the MRSS equation. 
Component: One of the inputs to the analysis/allocation 
Controlled feature: The feature being controlled by the feature control 
frame. 

Datum feature: The datum in the feature control frame 
Datum shift: Term that considers the shift caused by the virtual 
condition size of a datum 
dims: dimensions 

dpo: number of defects per opportunity 
dpo^ dpo for the ith component 
dpo ASSY : dpo for the gap (assembly requirement) 
di:the mean/nominal value of the ith component 
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DRF: Datum reference frame 

External: Type of feature, such as a pin, boss, etc. 

Ext: External 

F wc : Resize factor for the Worst Case model 
Frss; Resize factor for the RSS model 
Fmrss* Resize factor for the MRSS model 
FCF: Feature control frame 

Feature shift: Term that considers the shift of a controlled feature when 

the feature size in not in the loop equation. 
Fixed (Fixed Component): Component that cannot be changed 
Geo tolji The tolerance in the feature control frame of the i th component 
g m : Assembly requirement specification that is closer to the mean 
value 

Internal: Type of feature, such as a hole, slot, etc. 
Int: Internal 

k } : Factor that considers mean shift of the ith component and relates Cp 

andCpk(ki=l+Cpk/Cp) 

LMC: Least material condition 

LSL: Lower specification limit 

m: The number of material modifier components 

Minus tolj; The negative tolerance value of the i th component 

MMC: Abbreviation for maximum material condition. 
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MRSS: Modified root sum of the squares. 

ji : The mean value at the gap (assembly requirement) 

n: The number of independent components (components) 

p: The number of fixed components 

P: The assembly (gap) requirement 

Plus tolj*. The positive tolerance value of the i th component 

Pri: Primary 

Process: Manufacturing process 

q: The number of variable components 

r: the number of incremental tolerances due to material condition 
modifiers 

RFS: Regardless of feature size. 
RS S: Root sum of the squares 
Sec: Secondary 

Sensitivity: Factor that defines the direction and magnitude 

Sep: Separate 

Sim: Simultaneous 

SRSS: Static root sum of the squares. 

Stat: Statistical 

a Assy : Standard deviation for the gap (assembly requirement) 
o Assy?LT : Long-term standard deviation for the gap (assembly 
requirement) 
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a Assy ST : Short-term standard deviation for the gap (assembly 
requirement) 

a iLT : long-term standard deviation for the i™ component 
Oj LT : long-term standard deviation for the itn component 
<? k LT : short-term standard deviation for the k^ 1 component 
Ter: Tertiary 

ti: Equal bilateral tolerance of the ith component 

tj : Equal bilateral tolerance of the jth fixed component 

tk: Equal bilateral tolerance of the kth variable component 

tk,wc,resized" Equal bilateral tolerance of the kth variable component 

after resizing using the Worst Case model 
tk,rss ? re sized: Equal bilateral tolerance of the kth variable component 

after resizing using the RSS model 
tk,mrss,resized-" Equal bilateral tolerance of the kth variable 

component after resizing using the MRSS model 
tm.' Equal bilateral tolerance of the mth material modifier component 
twc^ Maximum expected variation of the requirement (equal bilateral 

tolerance) using the Worst Case model, 
tmrss: Expected variation of the requirement (equal bilateral tolerance) 

using the MRSS model 
t rss : Expected variation of the requirement (equal bilateral tolerance) 

using the RSS model. 
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USL: Upper specification limit 

Variable component: Component (dimension/tolerance) that can be 
changed 

Variable tolerance: Tolerance that can be changed 

Variation controls: The tolerance or FCF used to control the amount a 

component is allowed to depart from an ideal value. 

VC: Virtual condition 

VC/AME shift: Term that considers the shift caused by the virtual 

condition size or the actual mating envelope size. 
WC: Worst case 

Wji Weight factor for the i*h component 

w k : Weight factor for the kth variable component 

Zji The standard normal deviate associated with the ith component. 

Z y : The standard normal deviate associated with the upper 

specification limit 

Zyj The standard normal deviate associated with the upper 
specification limit when shifted in the negative direction . 

Z u + : The standard normal deviate associated with the upper 
specification limit when shifted in the positive direction 

Z L : The standard normal deviate associated with the lower 

specification limit 
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Z, : The standard normal deviate associated with the lower 
specification limit when shifted in the negative direction 

Z L+ : The standard normal deviate associated with the lower 
specification limit when shifted in the negative direction 

[0065] The discussed methodology may be utilized by the computing 
system 1 4, where logic is embedded within the memory 22 to perform the 
steps as discussed above. The database 20 provides information on the 
variation controls, appropriate placement, syntax, etc. The engineer 12 
may utilize the computing system to determine the appropriate tolerance 
analysis. In an alternate embodiment of the present invention, the 
method may be conducted without an aid of a computing system (e.g., 
completed manually by design engineer). 

[0066] The present invention provides many advantages over existing 
systems and methods. The present invention provides a structured path 
for determining tolerances without utilizing wasteful iterative methods. 
In addition, the present invention provides a methodology for 
automatically and correctly determining the variation controls of a 
specified feature. In addition, LMC/MMC variations for the 
controlled/datum features may be calculated. 

[0067] It is thus believed that the operation and construction of the 
present invention will be apparent from the foregoing description. While 
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the system and method shown and described have been characterized as 
being preferred, it will be readily apparent that various changes and 
modifications could be made therein without departing from the scope of 
the invention as defined in the following claims. 
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